This article presents the results of the study of the joint effect of the processing conditions of the new composition of the Al-Zr system alloy by combined casting and rollingextruding and two-stage annealing on the structure and properties of round bars used in the manufacture of heat-resistant wires. The research show patterns of changes in the properties, the specific electrical resistance of the bars, depending on different conditions of deformation and heat treatment of aluminum alloy with a content of 0.3% zirconium and 0.2% iron. The results of micro-X-ray spectral analysis and the granular structure of the samples before and after two-stage annealing confirming the stability of the structure after heating and preserving the strength of semifinished products. Presented parameters of combined casting and rolling-extruding and two-stage annealing for the manufacture of rods from the studied alloy make it possible obtaining good combination of mechanical properties and electrical conductivity.
Introduction
The development of electrical engineering and urban infrastructure leads to the need to improve the quality of cabling and wiring products, which should have minimum weight, maximum electrical conductivity and maintain strength during prolonged temperature heating up to 210 ºС. In connection with the latter, scientists are paid great attention to introducing into production new compositions of aluminum alloys and methods of manufacturing from them conductor products of circular cross section with an increased complex of properties [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] .
To solve this problem, the authors of the work proposed and introduced in production combined casting and rolling-extruding technology for producing longish deformed semi-finished products of Al-Zr alloys with a zirconium content of up to 0.3% and iron up to 0.2%. The method of such processing provides a significant increase in the strength and plastic properties of deformed semifinished products by increasing the intensity of deformation during the extruding process, and the introduction of zirconium into the alloy ensures that the strength is maintained during long-term heating of wires. However, the actual task for production is the choice of parameters of combined casting and rolling-extruding and subsequent heat treatment to ensure a hard-to-reach complex of interdependent properties. For example, an increase in the intensity of deformation in the process of pressing leads to an increase in the strength of the bars and greatly reduces the electrical conductivity, while further high-temperature annealing reduces the electrical conductivity, but decreases the strength.
The purpose of this work is to study the joint effect of different conditions of twin roll castingextruding and two-stage annealing on the structure and properties of rods from an alloy with a content of 0.3% zirconium and 0.2% iron and comparing results with previous research data.
Methods of Carrying out Researches
To achieve the goal, an experimental batch of bars from the studied alloy produced by directinjection-molding method in accordance with the scheme in Fig. 1 . The melt from the furnace 1 was poured into the receiving device 2, which ensures uniform metal supply to the indoor varietal caliber formed by a roll with a protrusion 3 and a roll with an annular groove 4, in which the metal crystallized, followed by rolling and extruding the bar through a calibrating hole in the installed at the exit of the rolls of the die 5. After cooling, the rods were subjected to two-stage annealing in a heat treatment furnace 6. The total chemical composition of the alloy is presented in Table 1 . Fig. 1 The general scheme of equipment for the manufacture of rods from alloys of the Al-Zr system by combined casting and rolling-extruding: 1 -metal casting furnace; 2 -melt receiving device; 3 -roll with a protrusion; 4 -roll with an annular groove; 5 -die; 6 -furnace for heat treatment of the hank from the bar. The geometrical parameters of the deforming unit were: roll diameter along the protrusion D1 = 214 mm; on the bottom of the stream caliber D2 = 167 mm; caliber width b = 15 mm; the minimum height of the gauge on the common axis of the rolls h = 7 mm; die height hd = 20 mm; diameter of the extruded rods d = 5, 7 and 9 mm. The technological parameters were as follows: the temperature of the melt pouring into the caliber of the rolls T1 = 800 ºС; roll temperature T2 = 100 ºС; rotational speed ω = 4 rpm. The deformation parameters were calculated, thus, the degree of deformation during rolling was ε = 50%, drawing ratio during extruding -in the range μ = 4.4-14.3 and strain rate ξ = 0.74 s -1 .
Extruded rods with different drawing ratios were subjected to two-stage annealing according to the mode chosen, based on the results of the research presented in work [6] , namely: the temperature of the first stage was T4 = 350 ºС, holding time 40 hours; second stage temperature Т5 = 440 ºС, holding time 20 hours. Next, we investigated the structure and properties of the rods before and after heat treatment.
Ultimate tensile strength Rm and elongation to failure A determined by stretching the machine LFM 20 Walter Bai AG, microhardness was measured by the Vickers method with a load of 2 N on the device AFFRI DM 8, electrical resistivity ρ of rods was measured on samples with an estimated length of 1 m on device «VITOK».
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Advanced Materials and Application II X-ray spectroscopic analysis of the composition of the phases was carried out on an EVO 50 scanning electron microscope using an INSA ENERGY dispersive spectrometer. The grain shape after twin roll casting-extruding was studied on an Axio Observer Al.m (Carl Zeiss) light microscope after etching thin sections in a one-percent HF solution at a magnification of ×1000. Samples for the study of the granular structure of semi-finished products were prepared by oxidizing the surface of thin sections in an aqueous solution of hydrofluoric and boric acid using an ATM KRISTALL 620 electrolytic polishing and etching unit. The grain structure was measured in a polarized light using an Axio microscope.
Results and its Discussion
The results of the study of the properties of the bars of the experimental alloy after combined casting and rolling-extruding and two-stage annealing are summarized in Table 2 . The values of the ultimate tensile strength Rm of the rods in the deformed state were 131-141 MPa, and two-stage annealing leads to a decrease in strength to 121-128 MPa. The minimum level of elongation to failure A = 24% was fixed on the rods after the most intensive mode of twin roll casting-extruding (μ = 14.3), thus rods have a higher level of ductility compared to rod of the corresponding chemical composition obtained by the casting-rolling technology [6] .
The microhardness of the rods after crystallization of the melt and rolling-extruding was 34-37 HV and decreased after two-stage annealing to 29-34 HV. Electrical resistivity ρ was in the range 0.0328-0.0330 Ohm‧mm 2 /m for rods in the deformed state, which is caused by the dissolution of zirconium in the solid aluminum solution during the rapid crystallization of the melt. Subsequent annealing of the rods allows to reduce ρ to 0.0290-0.0297 Ohm‧mm 2 /m. An increase in the drawing ratio of μ from 4.4 to 14.3 leads to an increase in the ultimate tensile strength of rods to 141 MPa, a decrease in the elongation to failure A to 24% and an increase in the values of ρ to 0.0330 Ohm‧mm 2 /m. The minimum value of electrical resistivity of 0.0290 Ohm‧mm 2 /m is achieved after two-step annealing of rods obtained with an extrusion ratio of 4.4, while annealing of rods made with a higher strain intensity (μ = 14.3) leads to a decrease in ρ to 0.0297 Ohm‧mm 2 /m and provides a level of ultimate tensile strength Rm = 128 MPa.
Analysis of the results of microhardness studies confirms the tendency of hardening of the rods with an increase in the drawing ratio. Increasing μ from 4.4 to 14.3 leads to an increase in microhardness values from 34 to 37 HV, and annealing reduces the hardness of the samples to 25 and 34 HV, respectively.
The microstructure of the semi-finished products after twin roll casting-extruding is an α-solid solution based on aluminum, excess AlFeSi (spectrum 2) phases oriented in the direction of deformation, as well as lamellar Al3Zr (Fig. 2, a, spectrum 1 ) primary crystals with a size of 70 μm and zirconium content up to 50 masses %. The formation of primary Al3Zr intermetallic compounds is not desirable, however, single clusters found in the structure do not have a significant effect on the mechanical properties of the rods studied, which is confirmed by the data in Table 2 . To ensure more complete dissolution of zirconium in the solid aluminum solution, it is recommended to heat the melt to a temperature above than 800 ºС. a b Fig. 2 The microstructure of the investigated alloy rods with an electron microscope EVO 50:
a -after twin roll casting-extruding; b -after two-stage annealing.
Two-stage annealing ensures the decomposition of the solid solution supersaturated with zirconium with the release of dispersed Al3Zr particles (Fig. 2, b, spectrum 3, 6 and 7) , leads to a less significant decrease in the ultimate tensile strength, increase in ductility and a significant reduction alloying elements in solid solution.
Image analysis of the microstructure of rods after twin roll casting-extruding, presented in Fig. 3 , showed that an increase in the drawing ratio does not lead to a significant change in the shape and size of the iron-containing and intermetallic Al3Zr phases. Fig. 3 . The microstructure of the rods of the investigated alloy (×1000): a, c, e -rods with a diameter of 5, 7 and 9 mm, respectively, after twin roll casting-extruding;
b, d, f -rods with a diameter of 5, 7 and 9 mm, respectively, after two-stage annealing; μ -drawing ratio during extruding.
The structure of the rods in a longitudinal section before annealing is represented by grains elongated along the strain axis ( Fig. 3, a, c, e ). Two-stage annealing leads to the formation of a partially recrystallized structure of rods extruded with drawing ratios 4.4 and 7.3 (Fig. 3 , e, f), but their strength remains at the level of 120-125 MPa. An increase in this indicator to 14.3 leads to an
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Advanced Materials and Application II increase in the ultimate tensile strength after annealing to 128 MPa and ensures the stability of the rod structure ( Fig. 3, b) , which is probably due to the most complete decomposition of the supersaturated solid solution in the second stage of annealing due to the release of thermally stable coherent the aluminum lattice of the Al3Zr phase particles on the finished centers formed during the first stage of annealing. Table 3 gives comparative data on the properties of the bars with previous studies in [8] . Based on data in Table 3 it is clear that the increase in the zirconium content in the alloy from 0.15% to 0.3%, combined casting and rolling-extruding with a draw ratio of 4.4 and the subsequent two-stage annealing of the rods leads to an increase in their strength up to 121 MPa and a slight increase in the electrical resistivity to 0.0290 Ohm‧mm2/m.
Conclusion
A study of the properties of rods from the experimental alloy allowed us to make the following recommendations for production. First of all, an increase in the drawing ratio from 4.4 to 14.3 provides an increase in the strength properties from 130 to 140 MPa and does not significantly affect the increase in the values of electrical resistivity, which grows from 0.0328 to 0.0330 Ohm‧mm 2 /m. Two-stage annealing allows to achieve a significant reduction in electrical resistivity to a minimum value of 0.0290 Ohm‧mm 2 /m after annealing the rods extruded with drawing ratio of 4.4, while the ultimate tensile strength is 120 MPa. Secondly, the use of two-stage annealing ensures the decomposition of the solid solution supersaturated with zirconium with the release of fine Al3Zr particles, which impede recrystallization processes, and the rods made with a higher deformation intensity have the most stability (μ = 14.3). Thirdly, all the rods have a high level of plasticity, in the deformed state, the values of elongation to failure are in the range of 24-30%, in the annealed state -25-35%. Fourth, a good combination of mechanical properties and electrical conductivity of rods is achieved after twin roll casting-extruding with drawing ratio of 7.3 and subsequent two-stage annealing. The value of the ultimate tensile strength after such a treatment mode is 125 MPa, elongation to failure of 30%, a microhardness of 29 HV and a specific electrical resistivity of 0.0293 Ohm‧mm 2 /m. Fifth, co-processing by combined casting and rolling-extruding with a deformation coefficient of 14.3 and a two-stage annealing provide an increased level of strength of 128 MPa and an insignificant increase in electrical resistance to 0,0297 Ohm‧mm 2 /m compared to alloys with a lower concentration of alloying elements.
